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SUMMARY 

A method i s  herein  presented  for  calculating the aerodynamic forces  
on the  blades of a dual-rotating  propeller which has i t s  thrust axis 
inc l ined   to  the air stream. This method makes use of Theodorsen's  pro- 
peller  theory f o r  the calculation of the aerodynamic forces on the pro- 
pe l l e r  blade. A t  any p a r t i c u r  blade s t a t ion  and blade  position the 
instantaneous flow field is presumed t o  be a steady-state  condition for 
the whole propeller.  Application of the mthod  involves  the use of two- 
dimensional a i r fo i l   cha rac t e r i s t i c s  as determined i n  a steady flow. 

Calculations were made f o r  an 8-blade NACA 8.75- ( 5 )  (O5)-037 dual- 
rotating  propeller  operating a t  advance r a t io s  of 1.20 and 3.25 f o r  
flight Mach numbers of 0.30 and 0.623, respectively. The thrust a x i s  
angle is 4 O  in  both  cases.  Results of the calculations show that, i n  
general, the fluctuat ions in aerodynamic forces  on the f ron t  component 
are greater  than the f luctuat ions in  forces on the rear component. Com- 
parisons  with  the  forces on a single-rotating  propeller show tha t  the 
magnitude of the f luctuat ing  forces  on the f ront  compo=- of a dual- 
rotating  propeller i s  of the same order as the forces  occurring on a 
single  propeller  operating a t  the same advance ratio,  blade-angle setting, 
and incl inat ion of the thrust a x f s .  

Inasmuch as t h e   f r o n t   c q o n e n t  of a dual-rotating  propeller under- 
goes  about the same var ia t ion   in  thrust coeff ic ients  as would a single- 
rotating  propeller,  the f a c t  that smaller variations are encountered on 
the  rear  blades means that the one-cycle-per-revolution  vibration problem 
f o r  a pitched o r  yawed dual-rotating  propeller i s  no more serious  than for 
the single-rotating  propeller. 

. 
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c forces on In reference 1 the magnitude of the aerodynami a single- 
rotating  propeller in pitch  or  yaw was calculated under t& assmption 
that the existing  propeller  theory may be used as though steady-state 
conditions  existed  successively a t  several angular positions of the pro- 
peller  blade d u r i n g  one revolution. The method made use of the  usual 
steady-state  ccanpressible-airfoil  characteristics with Goldstein  correc- 
t i on   f ac to r s   fo r  a f ihite number of blades. The calculated results were 
compared wlth exper-ntal data taken from a pitched  propeller installa- 
t ion.  The magnitude of the aerodynamic forces on the propeller blade 
calculated frm the steady-state method was found t o  be i n  good agree- 
ment with the experimental data although there was some lag in  the forces 
as shown by the experimental data. Further  calculations based on the 
theory of o sc i l l a t ing   a i r fo i l s  i n  a pulsating flow (ref. 2)  showed that 
the lag i n  air forces found i n   t h e  experiments  could be predicted. 

The procedure followed f o r  the case of the  single-rotating  propeller 
is inadequate in   t he  dual case. In add i t ion   t o  the unsteady flow i n  the 
propeller plane caused by pi tch   o r  yaw, the   e f fec t  of the flow f i e l d  of 
each component  on the  other cosrponent f o r  each  position of the blade must 
be considered. In the case of the dual-rotating  propeller  the flow f i e l d  
of each component has been considered i n  ding CalcULatinns of the forces 
on both components of a dual-rotating  propeller in an e f fo r t   t o   p red ic t  
the magnitude of the differences  in   forces  on the front  and rear compo- 
nents. In view of the good agreement obtained in  the case of the single- 
rotating  propeller,  it was assumed that  steady-state  conditions  existed 
successively at the angular posit ions of the dual-rotating  propeller 
during each  revolution. 

. 

The osc i l l a t ing   a i r   fo rces  on the  propeller  blades  caue  vibratory 
stresses having a frequency of one per revolution. I n  this report  the 
air forces  are  determined for each ccanponent of the dual-rotating  pro- 
pe l le r  in an e f f o r t   t o  determine the relative  severity of the one-cycle- 
per-revolution  vibration problem on the two  ccorrponents and t o  make a 
comparison with one component of the dual-rotating  propeller when 
operatfng as a single propeller. 

B number of blades 

b chord of propeller-blade element, f t  . 
C d  section drag coefficient 
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section l i f t  coefficient 

design l i f t  coeff ic ient  

thrust   coeff ic ient  , T / p m 4  

propeller diameter, f t  

element thrust coefficient,  dT/aX 

pn2D4 

blade-section maximum thickness, f t  

advance ratio, V / ~ D  

circulation  function 

Mach nwnber of advance 

propel ler   rotat ional  speed, r p s  

t i p  radius, ft 

radius t o  any blade  element, f t 

thrust ,  l b  

time, sec 

velocity of advance, f t / s ec  

resultant velocity at blade  section,  ft/sec 

geometric resatant velocity,   f t /sec 

rearward displacement  velocity of hel ical   vor tex sheet 

ve loc i ty   ra t io  W/V cos 

radial location of blade element, r / R  

angle of attack,  deg 

angle of incl inat ion of propeller thrust axis, deg 
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P mass density of air, slugs/cu f t  

Q sol idi ty ,  Bb/2xr 

rJc 2 propeller-element load coefficient 

pr aerodynamic helix angle, deg 

BO geometric helix angle, deg 

0 angular velocity of propeller, 2m, radians/sec 

Subscripts : 

F f ront  

R rear 

S. f ront  component of a dual-rotating  propeller operating as a 
single-rotating  propeller 

ort denotes angulm posit ion of blade required t o  give instantaneous 
values, deg 

p;ERODYNAMICS OF THE INCLINED PROPEXLZR 

The Velocity Diagram 

The velocity diagram for a blade section of a single-rotating 
inclined  propeller is discussed in reference 1. Tbie  diagram i s  repro- 
duced herein as figure 1. The convention  adopted in  reference 1 was t o  
consider the time variable ut, which defines the angular position of 
the  blade, t o  be zero when the blade is initially ver t ica l ly  upward with 
the  propeller  axis in posit ive pftch and measured in the direction of 
rotat ion (the axes used i n  defining the blade  position may be rotated 
t o  comply with  propeller attitudes other than pi tch) .  

. 

. 

. 
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From figure 1, the geometric helix asgle is given by 

o r  

cos 9' 
(#& = - J[X + sin 9 sin ut J 

The resul tant   veloci ty  i s  given by 

(WO)& = @cos% + (SmDX + v sin 9 sin &)2 

The loca l  advance r a t i o  i s  given by 

flx cos am 
J d  = .L 

- + s i n  cyr s i n  cut 3 
K X  

- From equation (3)  the l oca l  advance r a t i o  i s  seen t o  vary, the amount of 
var ia t ion depending on the posit ion of the blade. In  making steady-state 
calculations of the  forces asd mapnents on the blade of a single-rotating 
pitched  propeller i n  reference I, a change i n  blade posit ion was treated 
as a change in operating V/nD i n  accordance with equation (3) .  For the 
single-rotating  prapeller the solution is adequate when the calculations 
are based on the l oca l  geometric helix angle inasmuch as complete calcu- 
lations were made as thoughthe  entire  propeller  operated  successively 
at   the  different  blade  posit ions and the induced e f f ec t s  were incorporated 
i n  each  calculation. 

The velocity diagram for the blade sections of a dual-rotatlng  pro- 
pe l l e r  showlng the e f fec t  of the induced flow of each component on the 
other component i s  given in figure 2. This diagram is  reproduced from 
reference 3. 

. For inclined  dual-rotating  propellers the a l t e ra t ion  t o  the geometric 
velocity f ie ld  due to   o sc i l l a t ing   ve loc i t i e s   fo r  the front propeller unit 
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is similar t o  the alteration  for  single-rotating  propellers,  that is, 

The rear  propeller i s  of opposite  rotation and, in order t o  make we of 
the same reference axes for measuring the blade-position angle as is 
used f o r  the front  propeller, it is convenient t o  write 

cos 9 - - 
YtX - - s i n  q~ sin cut 
J 

This reversal  of sign for the front-  and rear-propeller units is used 
throughout the development of the equations f o r  the aerodynamic helix 
angles and element  loading coefficients.  

In addi t ion  to  the a l t e r a t i o n   t o  the geometric  velocity f ield f o r  
the dual-rotating  propeller, it is necessary t o  consider the influence 
of the velocity f ield of each component of the propeller on the other 
camponent before performance calculations can be made. Theodorsenls 
propeller  theory was used t o  detexmlne the flow f i e l d  of each component 
due t o  the other caurponent. Admfttedly, this method has the defect that 
it was developed f o r  the idealized  case in  which the twn COsIponents have 
the same load dis t r ibut ion and equal power absorption. However, if it 
is assumed that the mass-flow coefficient and the circulation  functions 
f o r  a given nuniber of blades apply f o r  nonoptFrmrm distribution, the method 
with these assumptions gives a close approxfmatfon t o  the flow f i e l d  
since  both of these functions are primarily dependent on the geometric 
helix angle and shaw only mall variations with loading f o r  a given 
geometric helix angle and blade nmiber. This dual-rotating-propeller 
case is analogous t o  the use of Goldstein  functions f o r  the several blade 

. 
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pos i t ions   in  the case of single-rotating  propellers as developed in  
reference 1. The interference  velocit ies for the dual-rotating  propeller 
and the ef fec t  of each c q o n e n t  on the flow f ie ld  of the other component - are shown in  reference 3. Since the f ron t  and rear components of the 
dual-rotating  propeller are unequally loaded f o r  each phase angle and 
the loading changes with a change in phase angle, it is necessary to 
make successive  approximations t o  the mass-flow coefficient K and t o  
the displacement  velocity w f o r  each  phase angle calculated. 

. 

Method of Calculation 

The resultant  velocity, the aerodynamic he l ix  angle, and the element 
loading  coefficient f o r  a radial s t a t ion  of an optimum dual-rotating 
propeller are given i n  reference 3 as 
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A method of applying  Theodorsen's  propeller theory to the calcula- 
t i o n  of the aerodynamic forces on the propeller  blade  for  nonideal dual- 
rotating  propellers is described i n  reference 4. The method essent ia l ly  
consists of solving f o r  local values of F along  the  blade by a method 
of cross-plotting by using  equations (8) t o  ( 1 2 ) .  

The method, as developed in reference 4, has been found t o  be satis- 
factory when the loading on the two ccmponents of the propeller is close 
t o  the same but should not be used when the difference in loading becomes 
large. Consequently, the changes  developed in  the present  report have been 
incorporated i n  the addenda t o  reference 4. The method, 8s  developed 
herein, shows good agreement with  experimental data even for large d i f -  
ferences In loadings on the two  components  of the propeller 8s shown i n  
the addenda of reference 4. 

For inclined  dual-rotating  propellers the propeller-performance equa- 
tions  require  modification  to  account  for the osci l la t ing  veloci t ies .  The 
resultant  velocity,  the aerodynamic hel ix  angle, and the element loading 
as modified are given t o  a first approximation for  the f ront  components by 

. 
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where 

1 

f \ 

rmDx + V s i n  a.~ s i n  ut 1 
The ef fec t  of the  inclined thrust axis on a dual-rotating  propeller is 
seen t o  be the same as rotat ing  the two components a t  unequal  speeds. 
Equations for the rear  component a re  obtained by a similar modification. 

In calculating  propeller  characterist ics by Theodorsen's  theory as 
applied in reference 3 the average axid kterference  veloci ty  KW w a s  
assumed t o  be equally due t o  each of the two components. When the 
loading is  not  the same on the front  and rear  components, or effectively,  
the  rotat ional  speeds are unequal, as in  the  present  case,   the  inter-  
ference  velocity will not be e q u d l y  due to each component and may be 
looked upon as broken into two unequal. par t s  ( K W ) ~  and ( K W ) ~  where 
the average axial interference  velocity in the f ind .  wake is 

t o  the interference  velocity that would be  obtained i n  the f i n a l  wake 
i f  the loading on the rear  cnmponent w e r e  equal t o  the loading on the 
f ront  component  of a dual-rotating  propeller. Similarly, ( K W ) ~  refers 
t o  the interference  velocity that would be obtained if tl-. loading on 
the  front component  were equal  to the loading on the rear component of 
a dual-rotating  propeller. Thus, when the two components are  equally 
loaded and of opposite  rotation, the interference  velocity is equally 
due t o  each  cmponent and KW = (KW)F = ( K W ) ~ .  

In  the  solution the interference  velocity  associated with each 
component will result in  d i f fe ren t  values of $& for   the  two components 
of the  propeller. !Fhe values of wF and WR are first calculated 
separately just as though  each component operates  in the presence of 
another component equally and oppositely  loaded. The method is equiv- 
a l e n t   t o  ass- that ideal  functions  apply  to nonoptimum loadings and 
ideal values of IC and K(x) are used. This practice has been generally 
successful  in  single-rotating  propellers w h e r e  Goldstein 's   t ip  correc- 
t ion   fac tors  are used f o r  nonoptimum loadings. In  the  solution it is  
adequate t o  replace $ by or  in the induced veloci t ies .  
Equations (13) and (15) as modified now  become 

"4 - 
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where 

Similarly, for the rear propel ler  wfth due regard t o  the reversal  in 
sign because of opposite rotat ion i n  obtafning the aerodynamic helix 
angle > 

7 

or 
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and 

- 

where 

It can be seen that, f o r  equal loadings on the f ront  and rear compo- 
nents where ( ' c w ) ~  = ( KW)R, equations (17), (18), ( 2 0 ) ,  and (21) reduce 
t o   t h e  s a  form as i n  reference 3. 

The element  loading  coefficient as modified f o r  the  inclined dual- 
rotating  propeller i s  

where E(x)&lF is based on - = stx tan($o)hF(l + FhF) f o r  the 

f ront  component and 

v + w  
nD 



l2 

By definit ion,  

d x =  2dr 
D 

therefore,  equation (25) may be reduced t o  

- = -  dT f12 x&cZ cos $(l - tss y tan #) 
a x 4  

By subst i tut ing the value of W fram equation (17) and replacing # 
by the value of $ and dividing  both sides by pn%4 the thrust 
equation  for the front  ccpnponent in  coefficient form i B  reduced t o  

&F 

. 
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- Similarly,   for the rear component 

KESWS OF SAMpI;E C A E W I O N S  

Calculations of the elemental-thrust  variations have been made for 
an 8.75-foot-diameter 8-bhde dual-rotating  propeller having an 
NACA 8.75-(5)(05)-037 b M e  design. Blade-form curves for this   propel ler  
are given in figure 3. NACA 16-series a i r f o i l  data appropriate   to  the 
various  section Mach numbers encountered i n  making the  calculations were 
interpolated from reference 5. 

.. 
In order t o  include the ef fec t  of advance r a t i o  on the fluctuating- 

forces  calculations were made for both a l o w  advance r a t l o  (J = I .2) and 
for a re la t ive ly  high advance r a t i o  (J = 3.25). The thrus t  axis angle 
9 was maintained constant at 4'. This angle was selected as being 
large enough t o  show signif icant   effects  of incl inat ion on the fluctuating 
forces  but  not so large as to  create  blade-section angles of a t tack   in  
the stalled range where a i rPo i l  data are usually unavailable  for making 
the calculations.  For t h e  low-speed case (J = 1.2) the flight Mach 
number is 0.30. The blade-angle  settings are moaP = 32.41O and 

number is  0.623. The blade-angle settings are BF = 57.690 and 

= 5 6 . ~ 3 ~ .  In either case  the  blade-angle  settings used would 

give equal power absorption on the front  and rear components with 9 = Oo. 
Figures 4 and 5 show typ ica l  results f o r  several radial stations  inves- 
t i ga t ed   fo r  J = 1.2 and J = 3.25, respectively.  Instantaneous values 
of C T ~  as a function of cut are shown i n   f i gu res  6 and 7 f o r  

J = 1.2 and J = 3.25, respectively. The elemental-thrust  coefficients 

= 31.53O. For the high-speed case (J = 3.25), the flight Mach 

0. rn 
%.7R 

F, R 
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. 
fo r   t he   f ron t  component of the  dual-rotating  propeller  operating  as a 
single-rotating  propeller at the same J, 9, and Bo.- were calcu- 
lated by the method given in reference 1 f o r  one condition  in  order  to 
give a comparison of the difference in  forces on a single- and dual- 
rotating  propeller.  These results (for  J = 3.25) are included in f ig -  
u r e  3 and the integrated  values s h o w  the varis t ion of the  instantaneous 
thmst coefficient cTUst are shown in figure 7. 

Both the elemental-thrust  coefficients  for  the  various radial sta- 
t ions  plot ted as a function of angular blede  position (figs. 4 and 5 )  
and the integrated thrust (figs . 6 and 7) show that the difference between 
the maximum and m i n i m u m  forces, shown by the fluctuations i n  thrust coef - 
f i c l en t s ,  is greater on the  f ront  component than on the  rear ccanponent 
of a dual  propeller. The fluctuations in thrust coefficients on the 
f ront  component of a dual propeller, due t o  pitched  operation, differ 
only s l igh t ly  from the f luc tua t ions   in  thrust cceff  icients on a single- 
r o t a t i n g   p r o p e l l e r   o p e r a t a  at the same J, %, and blade-angle setting. 
The value of f o r  the low-speed case (J = 1.2, 

fig. 6 )  is 0.0420 f o r  the front  propeller and is 13 percent  higher  than 

A similar comparison f o r  the high-speed  case (J = 3.25, fig. 7) gives a 
value of ( c T u r t = ~ o  - Or&=2700)F of 0.216 which is 28 percent higher 
th8n  the v8,lue of of 0.168 for the rear  pro- 
pe l le r .  The comparison of the   f luctuat ion Ln forces of the  front - 
component of the dud-rotat ing propeller KLth the single-rotating pro- 
pe l l e r  would be expected t o  show about the same variations  since  the 
velocity f ield of the front  camponent is affected by the average axial- 
interference  velocity only of the rear comgonent which is, in general, 
rather small. The rear component i s  affected by the axial- and rotational-  
interference  velocities of the f ron t  component, but the rotational-  
interference  velocity  tends  to  decrease  the -tude of the fluctuating 
forces on the rear  component canpared  with the f ront  component.  Inasmuch 
8s  the   rotat ional   interference  veloci t ies  increase with an increase in 
operating J, the fluctuating  forces on the rear component decrease 
compared with the forces on the  f ront  ccanponent. 

P%t=900 - %&&7Oo)F 

the value Of (CT,It&qQo - %=gOo)R of 0.0373 f o r  the rear  propeller. 

(“%t*~OO - c”r~=900)R 

This  discussion i s  only intended t o  apply t o  the osc i l la t ing  air 
forces on the blades that cauBe vibratory  stresses having a frequency 
of one per revolution. Other e f fec t s  such as blade passage and ef fec ts  
of blade  structure are not  within the scope of this paper. 
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SUMMARY OF RESULTS - 
c A method i s  herein presented  for  calculating  the  f luctuating  aero- 

dynamic forces on pitched  or yawed dual-rotating  propellers.  Typical 
examples have indicated the following results: 

1. Comparison of the fluctuat ing aerodynamic forces due t o  pitched 
or  yawed operation of a dual-rotating  propeller show that, i n  general, 
the fluctuat ion f n  forces  on the front comgonent are greater  than the 
f luc tua t ion   in   forces  on the rear ccmq?onent. 

2. The differences  in   the magnitude of the  f luctuating  forces 
increase as the operating advance r a t i o  is increased. 

3.  The magnitude of the fluctuat ing  forces  on the f ront  component 
of a dual-rotating propeller are  of the same order as the  forces 
occurring on a single-rotating  propeller operating a t  the same advance 
ratio,  blade-angle  setting, and incl inat ion of the thrust a x i s .  

4. The one-cycle-per-revolution  vibration problem f o r  the d u d -  
rotat ing propel ler  i s  no more  serious than for  the  single-rotating pro- 
pe l l e r  when operating a t  the same advance ra t io ,  blade-angle set thg,  
and incl inat ion of the thrust a x i s .  

Langley  Aeronautical  Laboratory, 
National Advisory Canrmittee for Aeronautics, 

Langley Field, Va. 
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( c )  Velocity  vectors. 

Figure 1. - Velocity diagram of inclined  propeller (from ref. I). 
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Figure 2. - Velocity  diagram for dual-rotating propeller (f r m  ref. 3 ) .  
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(a) x = 0.5. 

(b) X = 0.7. 

( c )  x = 0.9. 

Figure 4.- Typical results of calculations showing (?)& as a 

function of ut for several radii of the NACA 8.75- (2 )  (05)-037 
propeller.  M = 0.30; J = 1.2; 9 = bo. 

F, R . 
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(a) x = 0.5. 

(b) X = 0.7. 

Figure 5.- Typical results of calculations showing as a 

function of ust for several radii on the NACA 8.75-(3)(05)-037 
propeller. M = 0.623; J = 3.25; CYT = 4'. 
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Figurn 6.- Variation of instantaneous thrust coefficient 
P ~ & , R  
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Kith blade position. M = 0.30; J = 1.20; 4 m 4O. 
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Figure 7.- Variation of instantaneous thrust  ccefficient 

with blade position. M = 0.623; J = 3.25; 4 = 4'. 
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